We report on the improved stability and yield of silver nanorods with well controlled aspect ratios synthesized using a modified seed mediated approach conducted at room temperature. It is found that the longitudinal surface plasmon resonance of these nanoparticles can be tuned in the spectral range 400e 700 nm by varying the concentration of seed particles. The surface enhanced Raman scattering (SERS) activity of these nanorods with varying aspect ratios was tested with four dye molecules viz., crystal violet, malachite green, nile blue chloride and rhodamine-6G, using visible and near-infrared laser excitation sources viz., 514.4 and 784.8 nm, respectively. The mechanism of enhancement for the dye molecules adsorbed on these nanorods was investigated in detail. A maximum enhancement factor in the order of 10 8 was obtained when factors such as the peak wavelength corresponding to the plasmon of the nanorods, the absorption of dye and the excitation line were in close approximation. The linearity obtained in the calibration curves drawn for intense Raman peaks in the SERS spectra of different dye molecules indicated that these substrates are suitable for applications such as biosensing.
Introduction
Demanding investigations have been committed to the synthesis and characterization of metal nanostructures in recent years due to their outstanding optical, electrical and mechanical properties, which drastically vary from their bulk counterparts. Surface plasmon property of nanostructures has become the subject of extensive study in various fields in the recent years and it deals with the collective oscillation of free electrons in the conduction band of noble metals at the nanoscale. Surface Enhanced Raman Scattering (SERS) is one of the significant applications of metallic nanoparticles, which utilises their surface plasmon properties to enhance the Raman scattering signals from the molecules attached to the surface of these nanostructures. The SERS enhancement varies with the excitation wavelength used and it is highest when the plasmon resonance of the metal matches with the laser excitation wavelength. The analyte molecule under observation should adsorb onto the substrate for getting the scattered Raman signal enhanced [1e4] . Recently SERS has been widely used in many areas like biosensing [5] , monitoring water pollutants, environmental monitoring [6] , paint analyses and food safety [7] . The advantage of using SERS is that the quantity of probe molecules required for the analysis is very less compared to other conventional methods and the signal to noise ratio that can be obtained is very high, quenching the fluorescence, if any. By a careful selection of suitable excitation laser sources, the order of Raman enhancement can still be made higher if the molecular resonance from the dye molecule also contributes to the overall enhancement factor, which is known as Surface Enhanced Resonance Raman Scattering (SERRS) [8] . The choice of suitable substrates is crucial in all the cases where the SERS technique is employed and the quality of the signals obtained is highly dependent on the stability and reproducibility of the substrates. Silver, gold and copper metallic nanoparticles are the most popular substrates used for SERS, in which silver nanoparticles have the largest SERS enhancement capabilities compared to the others, due to their relatively large sensitivity and sharpness of scattered signals [9, 10] .
In the recent years, silver nanorods have attracted extensive research interest due to their superior optical properties. The advantage of these nanorods is that their optical absorption properties can be fine-tuned by varying their aspect ratio [11e13] . Silver nanorods can be synthesized using a variety of techniques including the seed mediated growth, photochemical and electrochemical routes [14e18] . The seed mediated synthesis is a solution based method and it is the simplest method for synthesizing silver nanorods. It is carried out by preparing silver seed metallic nanoparticles and adding them to a silver growth solution to form nanorods. There are only a few reports on the synthesis of silver nanorods using the seed mediated route because it is very difficult to maintain the quality and purity of the product obtained [10,19e21] . The synthesis of silver nanorods with a high degree of monodispersity and reproducibility is an interesting research topic but a challenging task. Murphy and co-workers reported the synthesis of cylindrical silver nanorods in water by using a shape directing agent, Cetyltrimethylammonium bromide (CTAB), and silver seeds were stabilized in citrate [14] . This work ignited a number of researchers to work on solution based methods for the growth of metallic anisotropic nanostructures such as rods, wires, cubes, spheroids, pyramids etc [10,22e24] . Difficulty in controlling the exposed silver crystal facets after the nucleation of the Ag seeds and the abundant presence of self-nucleating spherical and anisotropic by-products prevented the reproducible synthesis of silver nanorods.
In this work, a modified seed mediated synthesis followed by a static precipitation method is described, which improved the yield and stability of the silver nanorods significantly. It was found that the aspect ratios of silver nanorods could be fine tuned by varying the amount of seed added to the growth solution. The SERS activity of these nanorods with varying aspect ratios was studied with four different dye molecules crystal violet (CV), malachite green (MG), nile blue chloride (NBC) and rhodamine-6G (R6G), having absorption at different wavelengths 593, 612, 644 and 527 nm, using two different (514.4 and 784.8 nm) excitation laser sources.
Experimental

Materials and synthesis methods
Silver nitrate (AgNO 3 , 99.95%), Cetyltrimethylammonium bromide (CTAB, 99%), Sodium borohydride (NaBH 4, 99%), L-ascorbic acid (99%) and sodium hydroxide (99%) were purchased from Sigma-Aldrich. Double distilled water was used for the synthesis. All glasswares were cleaned with aqua regia, thoroughly rinsed with double distilled water, and dried prior to usage.
Silver nanorods were prepared according to a modified seed mediated synthesis [14] . The seed solution was prepared by mixing 0.01M AgNO 3 and 80 mL of 0.1M CTAB stock solution. This was made up to 20 mL with double distilled water and to this 0.6 mL of 0.01 M NaBH 4 was added and stirred for 2 min. The solution was kept undisturbed for 1 h, before adding to the growth solution. To produce silver nanorods with varying aspect ratios, 10 mL of a growth solution consisting of 0.01M CTAB, 0.25 mL 0.02 M AgNO 3 and 0.5 mL 0.1 M ascorbic acid was taken. To this, a varied amount of seed solution (0.1, 0.125 and 0.25 mL) was added. Finally, 0.10 mL of 1 M NaOH was added to each set and shaken gently. The colour of the solution was seen to change gradually to green, violet or pink depending upon the concentration of the seed added. The asprepared colloidal solution contained many nanospheres and nanoplates mixed with nanorods and from this colloid, the silver nanorods were purified by static precipitation, which is an effective method for the isolation of nanorods from a mixture of spheres, short rods and plates.
SERS sample preparation
Surface Enhanced Raman Scattering (SERS) measurements were conducted using four dye analytes CV, MG, NBC and R6G. In order to study the variation of SERS enhancement factor with varying aspect ratios of silver nanorods, the final analyte concentrations used for CV, MG, NBC and R6G were 5. 
Characterization
The optical absorption spectra of the samples were recorded using a JASCO V-550 UV/VIS spectrophotometer in the wavelength range 200e900 nm. Field emission scanning electron microscopy (FESEM) and energy dispersive X-ray spectroscopy (EDX) analysis of the samples were done using the electron microscope-NOVA NANOSEM450 employed with xT microscope control software. Xray diffraction (XRD) was carried out with Bruker D8 ADVANCE with DAVINCI design diffractometer with Ni filtered CuKa1 radiation (l ¼ 0.15405 nm). High resolution TEM (HRTEM) analysis was performed with Joel JEM 2100. Raman measurements were done with a LabRAM HR 800 (HORIBA Scientific-Jobin Yvon Technologtery) spectrometer, equipped with an Argon-Ion laser excitation source emitting a wavelength of 514.4 nm and a semiconductor laser emitting a wavelength of 784.8 nm. A holographic grating with 1800 groves/mm for 514.4 nm and 600 groves/ mm for 784.8 nm enabled the spectral resolution. Samples were placed in a 1 cm path length cuvette mounted in an L-shaped adapter.
Results and discussion
At first, in this work silver seeds were prepared by reducing silver precursor (AgNO 3 ) with NaBH 4 using CTAB as a stabilizer, instead of trisodium citrate used in previous reports [14] . The crystalline phase of the initial seed particles is one of the critical factors which determines the growth of nanorods. Some reports have shown that the stability of metallic nanorods formed from CTAB-capped seeds is better than the citrate-capped seeds [25, 26] . In this synthesis, it is found that the formation and yield of silver nanorods are highly sensitive to the ratio of metal salt to seed concentration used in the growth solution. AgNO 3 precursor having different concentrations was reduced with ascorbic acid in the presence of CTAB and it was found that by keeping the molarity of the seed solution constant, the yield was high for the sample synthesized using 0.02 M AgNO 3 , maintaining a high degree of homogeneity. The reduction of silver ion by a weak reducing agent, ascorbic acid can produce silver nanorods in a very limited manner, in the absence of seeds. CTAB in the growth solution acts as a structure-directing agent and it forms a tightly bound cationic bilayer on silver nanoparticles, thereby making constrains and restricting the growth in one dimension. NaOH is added in the final stage of the synthesis in order to adjust the pH of the solution, thereby enhancing the growth and formation of nanorods [14] . The as-prepared colloidal solution contained a mixture of spheres, plates and rods and in order to isolate silver nanorods from this mixture, static precipitation process was conducted by keeping the solution aside for 3 h without any disturbance. During the static process, silver nanorods were precipitated naturally to the bottom of the glass beaker, due to electrostatic aggregation and were then separated [20] . Hence, silver nanorods could be easily purified without centrifugation or filtration by means of static precipitation. The precipitation of nanorods to the bottom and their separation prevented further growth and formation of nanorods with smaller aspect ratios, maintaining the monodispersity obtained for these nanorods. The quantities of nanorods obtained in this protocol were large enough which facilitated the investigations on shape dependent plasmonic properties.
Figs. 1 and 2 show the absorption spectra and the corresponding morphologies of supernatant solution and precipitated typical nanorod suspension respectively, prepared using a 0.125 mL seed solution. The optical absorption spectrum of silver nanorods shows two plasmon peak positions corresponding to the transverse surface plasmon resonance (TSPR) and longitudinal surface plasmon resonance (LSPR) centred at 428 and 575 nm, respectively. The FE-SEM images (Fig. 2) show that the precipitated solution consists of silver nanorods with high yield and homogeneity. The supernatant solution consists of elongated nanostructures which look like short rods in between. It is evident that the strategy used is simple, conducted at room temperature (300 K), and the quality, homogeneity and yield of silver nanorods obtained are comparable or better than those reported elsewhere [14, 21] . The stability of the colloidal suspensions of nanorods was then tested in different time intervals using absorption measurements and no significant change was observed even after three months, indicating that these suspensions are highly stable (Fig. 3) . Fig. 4 shows the absorption spectra of silver nanorods prepared with different seed concentrations along with that of the seed particles. The optical absorption spectrum of the seed solution shows a band centred at 403 nm. The aspect ratios of nanorods were calculated from FE-SEM images (Fig. 5) and it comes to 6 ± 0.86 (R1), 11 ± 0.43 (R2) and 15 ± 2.87 (R3) corresponding to seed concentrations of 0.25, 0.125 and 0.1 mL, respectively. The aspect ratio distributions of the nanorods produced are shown in Fig. 6 .
The surface plasmon properties of these nanorods are found to be highly sensitive to the seed concentration. It is found that the LSPR peak shifts towards the red region with decrease in seed concentration, which in turn indicates the increase in the aspect ratio of nanorods. In the extreme case obtained in this work, the aspect ratio was as large as 15 ± 2.87, with LSPR at 633 nm. With increase in the amount of seed concentration from 0.1 to 0.25 mL, the LSPR is found to shift from 633 to 527 nm. The concentrations of seed and base relative to that of silver ion concentration are vital in the seed mediated synthesis in determining the aspect ratio of anisotropic nanostructures. The number of nucleation sites for silver atoms for the growth and formation of nanorods decreases with decrease in seed concentration. This causes the frequency of attachment of silver atoms to a particular nucleation site to increase, resulting in the growth along the longitudinal direction, which in turn is found to increase the length of the nanorods in this case. When the seed concentration increases, the probability of getting Ag þ ions attached to a particular nucleation site diminishes, making the formation of nanostructures with high aspect ratio become difficult. Fig. 7(a) shows the typical X-ray diffraction (XRD) pattern obtained for silver nanorods with an aspect ratio of 11 ± 0.43 nm. The pattern clearly shows main peaks at (2q) 38.2, 44.3, 64.50 and 77.5 which correspond to the (1 1 1), (2 0 0), (2 2 0) and (3 1 1) planes, respectively. The XRD pattern is indexed according to the JCPDS file no: 04-0783 of cubic silver. From the X-ray diffraction pattern, it can be seen that the prominent diffraction peak is at 38.2 which indicates that the preferential growth is along the (111) crystal plane. Fig. 7(b) shows the energy dispersive spectrum of the synthesised nanorods and it suggests the presence of silver as an ingredient element. The synthesised silver nanorods show strong absorption in the region 2.5e4 KeV [27] . Fig. 8 shows a typical high resolution TEM image and the selected area electron diffraction pattern (SAED) of silver nanorods synthesised using 0.125 mL seed solution. The ring patterns are The HRTEM shows the crystalline structure with a d-spacing of 0.229 nm, which closely matches with the (111) plane of cubic silver and this confirms that the longitudinal growth is the preferential one and is along the (111) plane.
SERS analysis
In order to study the mechanism of enhancement for dye molecules adsorbed onto silver nanorods with varying aspect ratios, surface enhanced Raman scattering experiments were done in aqueous solution with CV, MG, NBC and R6G as model analytes. The analytical enhancement factor was calculated using the standard equation
where C nrm is the concentration of the analyte, which produces a Raman signal I nrm under non-SERS conditions and C sers is the concentration of the same analyte solution on a SERS substrate with different concentrations and gives a SERS signal I sers , under identical experimental conditions. Before analysing the SERS spectrum, the aqueous SERS solutions were equilibrated for 15 min. SERS spectra of CV, MG and NBC molecules under 514.4 nm and 784.8 nm excitation laser sources are shown in Figs. 9 and 10 respectively. Analysing the SERS spectra obtained, the highest Raman enhancement for all dyes under 514.4 nm laser excitation was shown by substrate of R1 type whereas it was with substrates of R3 type when laser excitation line used was 784.8 nm. This is because SERS mainly arises due to an electromagnetic effect from the surface plasmon resonance of the nanoparticles, which is characteristically wavelength dependent and the chemical effect. If the laser excitation wavelength matches with the plasmon resonance of the metallic nanosubstrates used, Raman scattered signal intensity will be highly enhanced. The highest enhancement factor for substrate R1 can be attributed to the fact that Raman signal is highly enhanced when the plasmon resonance wavelength of silver nanorods (527 nm) closely matches the laser excitation line (514.4 nm). It can be seen that the enhancement factor decreases with the shift of LSPR away from the laser excitation wavelength. Similar trend was observed in the Raman spectra for all the three dye molecules when 784.8 nm excitation laser source was used. Enhancement can also occur even when the difference of wavelength between the plasmon and the laser excitation is small and is known as a pre-resonant condition. The enhancement factor for substrate R3 was highest under near infrared laser excitation and in this case the plasmon band is relatively nearer to the laser excitation wavelength.
The Raman spectra for CV and MG looked similar as they have similar chemical structures. The Raman peak enhancement for the same vibrational frequencies under different excitation lines was different for all the analytes. Relative intensity for the same Raman band can vary according to the magnitude of the local field at the substrate surface and the orientation of the polarizability derivatives. This is because for a well-oriented chemisorbed species, the perpendicular and tangential components of the local field on the silver colloids could be quite different in magnitude for laser lines on different sides of the plasmon resonance [28] .
Raman peak frequencies and their corresponding assignments are given in Table 1 [29e31]. The enhancement factors corresponding to the prominent vibrational frequencies present in the Fig. 9 . SERS spectra of CV, MG and NBC using silver nanorods R1 (b, f, j), R2 (c, g, k) and R3 (d, h, l) using 514.4 nm excitation laser source and (a, e, i) represent the corresponding normal Raman spectra of the dyes. Fig. 10 . SERS spectra of CV, MG and NBC using silver nanorods R1 (b, f, j), R2 (c, g, k) and R3 (d, h, l) using 784.8 nm excitation lasers source and (a, e, i) represent the corresponding normal Raman spectra of the dyes. In-plane vibration of phenyl-C-phenyl 423
Out-of-plane vibrations of phenyl-Cphenyl 524, 561
Ring skeletal vibration of radical orientation 724, 913
Out-of-plane vibrations of ring C-H 1169
In-plane vibrations of ring C-H 1297
Ring C-C stretching 1389 N-phenyl stretching 1538, 1620
Ring C-C stretching Malachite green
230
In-plane vibration of phenyl-C-phenyl 422, 447
Out-of-plane vibrations of phenyl-Cphenyl 798, 915
Out-of-plane vibrations of ring C-H 1170
In-plane vibrations of ring C-H 1292
Ring C-C stretching 1362 N-phenyl stretching 1615
Ring C-C stretching Nile blue chloride 592 C-C-C and C-N-C vibrations 1153
In-plane vibrations of ring C-H 1380 N-phenyl stretching 1641
Ring C-C stretching Raman spectra were calculated for nanorods with different aspect ratios, which were used as substrates. The calculated enhancement factors for CV, MG and NBC for nanorods with different aspect ratios under 514.4 nm and 784.8 nm excitation lines are given in Table 2 .
The molecular resonance from the dye analyte can also contribute to the overall enhancement along with the surface plasmon resonance of the substrate viz., the SERRS. The model analyte used for SERRS detection should contain a chromophore, which is the part of a molecule responsible for its colour. The laser excitation frequency should be close to or coincident with the electronic transition of the chromophore [32, 33] . On analysing the enhancement factors obtained for all the three dye molecules, the highest enhancement factors obtained for NBC and CV can be attributed to SERRS. Fig. 11 shows the absorption spectra of the three dyes CV, MG and NBC and are centred around 593, 612 and 640 nm respectively; insets show their corresponding chemical structures.
For nanorod substrate R1, using crystal violet as a model analyte and 514.4 nm as a laser excitation line, surface as well as molecular resonance enhancement can be considered to contribute to the overall enhancement as the plasmon resonance of the nanorods (527 nm) as well as the absorption wavelength of CV (590 nm) is nearer to the 514.4 nm excitation line. The absorption wavelength of NBC extends up to 700 nm and therefore, the molecular resonance from this analyte can be considered to contribute to the overall enhancement along with the plasmon resonance of the substrate R3 under 784.8 nm excitation, which may be the reason for the highest signal to noise ratio for NBC molecules. In order to validate the effect of molecular resonance on the enhancement factor, another model analyte R6G with well recognized vibrational characteristics was chosen, whose absorption wavelength lies very closely to one of the laser excitation sources, i.e. 514.4 nm. Fig. 12 shows the SERS spectra obtained for R6G with substrates R1 and R3. Silver nanorod substrates, R1 and R3 having SPR at 527 and 633 nm respectively were selected for studying the molecular resonance effect on the enhancement factor. This selection is made on the basis that the plasmon absorption wavelength of R1 lies very closely to the absorption maximum of R6G whereas that of R3 lies away from it. Here, the enhancement factor was calculated for vibrational frequencies; 1362 cm À1 (in-plane C-H bend), 1511 cm À1 (C-N stretch), and 1649 cm À1 (in-plane C-H bend) and is given in Table 3 [34] . The table shows that enhancement factor for R6G is highest for substrates having plasmon in the close approximation of the excitation line used. Comparing the enhancement factors, it is highest for silver nanorods R1, under 514.4 nm laser excitation (1.81 Â 10 7 ). This evidences that the SERS spectrum obtained using 514.4 nm laser line falls within the resonant Raman conditions, where both electromagnetic effects due to surface plasmon resonance from the substrates and the molecular resonance from R6G contribute to a strong SERRS signal and this is not observable when the 784.8 nm excitation line was used. The sensitivity performance of these SERS substrates towards variation of analyte concentrations was also studied, in order to identify their limits of detection (LOD) for a particular analyte. Silver nanorods R1 and R3, which showed highest enhancement factors, were chosen to study the sensitivity. Fig. 13(a) shows the SERS spectrum of CV with varying molarities in the range (10 À4 e10 À7 M), under 514.4 nm laser excitation using R1 and Fig. 13(b) 
Conclusion
Silver nanorods with different aspect ratios were prepared using a modified seed mediated synthesis. It is found that fine-tuning of the aspect ratios of these nanorods is possible by controlling the amount of seed solution used in the synthesis. Nanorods classified into three types based on aspect ratios were then tested for SERS activity. Four different dye molecules viz., crystal violet, malachite green, nile blue chloride and rhodamine-6G were used as analytes and two excitation lines 514.4 nm and 784.8 nm were used for Raman measurements. A maximum enhancement of 1.44 Â 10 8 was observed for nanorods having the high aspect ratio of 15 ± 2.87, when tested with NBC probe molecule under a laser excitation wavelength of 784.8 nm. We have validated the SERRS effect by using nanorods having aspect ratio 6 ± 0.86 and Rh-6G analyte with 514.4 nm excitation line. The minimum concentration of analyte used in the SERS measurement is vital in determining the sensitivity of these substrates. Raman measurements conducted with varying molar concentrations of the analyte molecules have shown promising detection limits up to 10 À7 for CV and 10 À8 for NBC. An attempt was also made to plot the linear fit calibration curves for intense Raman peaks and the observed values of the coefficient of determination are found to be good for a variety of applications.
